Dredging sea mud produced during the coastal infrastructure construction has been gradually becoming an environmental problem in China. Making ceramsite is an attractive way to convert the waste sea mud to resources used for many industrial sectors. However, the imapct of preheating and sintering conditions on the ceramsite properties and the biofilm formation capacity of the ceramsite are still poorly understood. is study aims to fill these knowledge gaps. Results suggested the optimal conditions for the preheating temperature was 350°C, the preheating time was 15 min, the sintering temperature was 1040°C, and the sintering time was 9 min. e dredging sea mud-derived ceramsite showed better biofilm formation capacity with high COD and NH 4 + -N removal performance compared with the commercial ceramsites. e content of the chloride ion in the ceramist granules is close to zero, and the low cost of this material, implying this dredging sea mud-derived ceramsite, could be an engineering favorable material for using it as a biocarrier in the real application.
Introduction
e development of the marine economy has led to a dramatic increase in infrastructure construction activities and transportation industry in coastal areas [1] . Accordingly, a large amount of dredging sea mud (DSM) has been produced. e improper disposal of these mud not only takes up a lot of space but also causes environmental pollution and other problems (odour, disease, etc.,). us, safety treatment of these DSM has received considerable attention [2, 3] . e commonly used DSM treatment methods mainly are physicochemical methods, such as solidification; Zhu et al. [4] conducted dredging mud solidification treatment, confirming that the solidificated dredging mud could be utilized as solid filler material. In addition, DSM contains some organic matter and, therefore, could be utilized in agriculture and aquaculture. Xie et al. [5] confirmed that DSM can be used in agricultural cultivation. Besides these methods described above, an important way to treat waste DSM is to be the raw materials for sintering the ceramsite. Chi et al. [6] used seabed sludge for ceramsite production, and the results showed that the product performance fully meets the requirements of the Chinese national technical standards for clay ceramsite. Ceramsite is a commonly used biocarrier for biofilm formation in sewage and biological contact oxidation wastewater treatment process.
e rough surface and internal porous structure provide good adsorption capacity for pollutants removal, and also it is easy to grow microorganisms on its surface for biofilm formation.
Traditionally, nonrenewable natural resources, such as clay and shale, have been employed for the preparation of ceramsite by the method of high-temperature sintering [7, 8] . In recent years, the use of wastes, such as sewage sludge, coal fly ash, mine tailings, and river sediment, as the raw material for ceramsite sintering has been received increasing attention [8] [9] [10] [11] .
ere is a relatively less study investigating the DSM for the production of ceramsite. DSM could be one of the best substitutes for clay because its major components are similar to those of clay. In our previous study, we have prepared ceramsite by using the mixture of DSM, sewage sludge, and the additive of calcium carbonate [12, 13] . e produced ceramsite met the Chinese standard GB/T 17431.1-2010. Although Chi et al. [6] produced ceramsite successfully by the single raw material of sedimented sea mud in Qingdao, China, the sintering mechanism was not revealed deeply. In addition, DSM has more salinity and water than clay. In the sintering process of DSM, many researchers worry that chloride has undesirable effects including scumming [14, 15] . e content of the soluble salt in the sea mud is likely to relate to the preheating and sintering temperature [6, 15] .
us, the aim of this study is to investigate the impact of preheating and sintering conditions on the properties of DSM-derived ceramsite. In addition, for further application as biocarrier, the capacity of water purification and the biofilm formation of DSM-derived ceramsite was also evaluated.
Materials and Methods

Characteristics of DSM.
e DSM was collected from a coastal site which located in Lianyungang, Jiangsu province, China (N34°46′15.32″, E119°19′24.74″). e color of this DSM is dark with salty smell. e DSM was sieved firstly to remove the large-sized agglomerates, followed by its property analysis according to the "Standard for Soil Test Method" (HJ 835-2017). e results are shown in Table 1 :
e Feasibility of DSM from Lianyungang for Ceramsite
Sintering.
e DSM collected from different coastal areas may have different properties. To meet the ceramsite-forming conditions, the raw chemical composition range for the sintering ceramsite is generally on the basis of Riley and Wilson's research. Table 2 shows the main chemical composition of the raw material from Lianyungang by the EDX, and the content of major chemical composition of DSM complies with Riley's three-phase diagram and the required chemical composition range for making ceramsite. It can be seen from the table that the DSM from Lianyungang is expected to be sintered into ceramsite alone. Because LOI in the raw material is up to 8.58%, the ceramsite would be with high porosity.
e feasibility of DSM from Lianyungang for ceramsite sintering was further studied by comparing the basic properties of DSM with clay materials which are conventional raw material for ceramsite sintering, and Table 3 shows the different properties. It can be seen that the DSM has a higher water content than clay, reaching 50%-60%. e composition of DSM is mainly composed of clay and powder, and the plasticity index is excellent, so it is judged that the DSM is easy for granulation. At the same time, the salt content of the DSM (mostly sodium chloride) is high, and the transformation process of chlorine should be concerned in the sintering process.
e DSM from Lianyungang is used as a single raw material to form a ceramsite by molding, drying, preheating, and sintering. e ceramsite with a particle size of 3∼5 mm is selected for use in the following experiment.
DSM Ceramsite Presintering Experiment.
In order to determine the main process conditions that need to be controlled during the ceramsite sintering process, it is necessary to set up a presintering experiment before the optimization process to determine the effect of the preheating conditions and the sintering conditions on ceramsite properties.
Because the moisture content of the DSM is high and the evaporation of the combined water in the raw material is about 250°C. Wang et al. [16] used TGA-FTIR technology to study the combustion and pyrolysis characteristics of sludge from different sources and pointed out that the decomposition temperature of organic matter is about 350°C.
erefore, the preheating temperature in this study can be set in the range of 250∼400°C, and the preheating time can be set in the range of 5∼20 min [17] .
e sintering temperature in this study is mainly determined by reference to the sintering temperature of the high-temperature sintered clay ceramsite, and the sintering time ranges from 6 to 15 minutes [18] . e presintering experimental design is shown in Table 4 , and the results of the presintering experiment are shown in Table 5 .
According to the results of the presintering experiment, the preheating temperature can be set in the range of 200∼450°C, and the preheating time is preferably in the range of 10∼20 min. When the sintering temperature is varied from 1000∼1100°C, it is possible to obtain ceramsite with good performance. According to the results of the presintering experiment, the sintering time can be set at 6∼12 min.
Effect of Preheating Conditions on Ceramsite Properties.
According to the results of the presintering experiment, three preheating time periods (10 min, 15 min, and 20 min) were selected to investigate the effect of the preheating method on ceramsite properties. e preheating temperature was controlled between 200∼450°C, and the temperature increase rate was 8°C/min [19] .
e properties of ceramsite, such as expansion rate, bulk density, compressive strength, and water absorption, were compared.
Effect of Sintering Conditions on Ceramsite Properties.
According to the results of the presintering experiment, three sintering time periods (6 min, 9 min, and 12 min) were selected to investigate the effect of the sintering method on ceramsite properties. e sintering temperature was controlled between 1000∼1080°C, and the temperature increase rate was 10°C/min; the properties of ceramsite, such as expansion rate, bulk density, compressive strength, and water absorption, were compared.
Analysis of Dissolved Salts Transformation during Ceramsite Production.
e Cl − content variation during ceramsite sintering was studied by measuring the Cl − content under different sintering temperatures. e DSM under different temperatures were sampled and grinded, and the powder was then dissolved into the ultrapure water with mild vibration; after 1 day, the DSM powder suspension was filtered. e filtrate was then subjected to Cl − analysis.
Sea Mud-Derived Ceramsite as Biofilm Carrier for COD and NH 4 +
-N Removal. A plexiglass column (Φ10 cm × mercial ceramsite with a particle size of 3-5 cm is used for hanging the biofilm and removing the COD and NH 4 + -N. An air pump for column aeration was connected, and the flow rate was 20 L·min . After ceramsite installation was completed, a synthetic wastewater (COD: 12 mg/L; NH 4 + -N: 5 mg/L) was filled into the column, and the wastewater was intercirculated and aerated during experiment; the water samples were taken periodically for measurement.
Analysis Methods. EDX analysis:
the chemical composition of the raw material was measured by using an inductively coupled plasma emission spectrometer. XRD analysis: the mineral composition of sea mud raw material and sea mud-derived ceramsite was analyzed by using an X-ray diffraction analyzer. SEM analysis: the internal structure of sea mud raw material and sea mud derivedceramsite was analyzed by using a scanning electron microscope. e Cl − ion solubility of sea mud samples sintering at different temperatures was analyzed by the Wantong ion chromatograph. COD was determined using potassium permanganate titration. NH 4 + -N was determined using Nessler's reagent method.
Results and Discussion
Ceramsite Sintering by DSM from Lianyungang.
According to Tables 1 and 2 , the plasticity index of DSM is excellent.
e content of major chemical composition of dredged sea mud complies with the Riley's three-phase diagram. Figure 1 showed the XRD patterns of the mineral composition of DSM and DSM-derived ceramsite. Compared with the raw materials, kalisilite (KAlSiO 4 ) was not detected in ceramsite. is may due to the minerals contained in the raw materials (mainly oxides of Fe oxides and alkaline metal oxides) transformed and produced to fenaksite [KNaFe(Si 4 e SEM images of surfaces of DSM and the DSMderived ceramsite are shown in Figure 2 . Compared with ceramsite ( Figure 2(b) ), the structure of the raw materials of DSM (Figure 2(a) ) is more loosely arranged. e particle size of DSM is different, and the shape is irregular. e quantity of pores in ceramsite (Figure 2(b) ) is more than that in the raw materials (Figure 2(a) ). e more micropores and the irregular surface may contribute higher porosity and specific surface area of sea mud-derived ceramsite.
Effect of Preheating Conditions on Ceramsite Properties.
e preheating temperature and preheating time greatly impact the properties of the ceramsite, such as the formation of pottery and the pore and strength characteristics of the ceramsite. Here, the preheating time was controlled as 10 min, 15 min, and 20 min, respectively. e preheating temperature and heating rate were described in Section 2.3.
e bulk density, water absorption, compressive strength, and expansion rate were analyzed under different preheating time periods. Figure 3(a) shows that, at the same preheating temperature, with the prolonging of the preheating time of the raw material, the bulk density of the ceramsite decreased. In Note: "○" means that it is not made into ceramsite and "/" means that the ceramsite is overfired. addition, 350°C seems to be an inflection point because the bulk density showed the decreasing trend when the preheating temperature was increased from 200∼350°C and increasing as the temperature continued to rise. Figure 3(b) showed that the water absorption rate of the ceramsite slightly decreased with the prolongation of the preheating time, although the water absorption rate of ceramsite under 15 min preheating was similar with that under 20 min. In the similar manner, the water absorption rate was decreased firstly and increased after the preheating temperature was above 350°C.
Figure 3(c) shows that the degree of swelling of the ceramsite is greatly influenced by the preheating temperature. e longer the preheating time, the more the swelling of ceramsite when preheating temperature was below 400°C.
It is very interesting that the variation of the expansion rate of ceramsite showed an inverse trend compared with other property index, which increased firstly and decreased when the preheating temperature was above 350°C. Different from other index, the compressive strength of ceramsite is less affected by the preheating time and temperature. e above test results suggested that changes in the preheating temperature and preheating time of the raw material have a great influence on the bulk density and the expansion rate of the ceramsite and a slight influence on the water absorption rate.
According to the analysis, this phenomenon is mainly related to the preheating temperature. ere are two main purposes for preheating in the ceramsite sintering process.
e first is to pyrolyze most of the organic matter in the sea mud into a gas to make the ceramsite lighter. e second is to remove the moisture in the sea mud so as to avoid evaporation of the water during the heating process, which may cause the body to burst and affect the strength of the ceramsite. When the preheating temperature is low, the decomposition rate of the organic matter in the sea mud is gentle, no gas is generated, and the ceramsite expansion rate is not high. At this time, when the gas escapes from the ceramsite, the pores formed on the surface are small, so the ceramsite bulk density and compressive strength are high.
As the preheating temperature increases, the gas generated by the decomposition of organic matter increases, the pores inside and on the surface of the ceramsite increase, the expansion ratio increases, and the bulk density and compressive strength decrease. However, when the preheating temperature exceeds a certain value, too much gas generated by the organic matter may excessively impact the surface of the ceramsite, causing the sintered body to crack and being difficult to expand. Which in turn affects the expansion rate and compressive strength of the ceramsite. erefore, it is important to choose a reasonable preheating temperature and preheating time. e preheating temperature of 350°C and the preheating time of 15 min were suggested to be the good preheating conditions considering the light weighting, high strength, and water absorption capacity.
Effect of Sintering Conditions on Ceramsite Properties.
e sintering time was controlled as 6 min, 9 min, and 12 min, respectively. e preheating temperature and heating rate were described in Section 2.4. e bulk density, water absorption, compressive strength, and expansion rate were analyzed under different sintering time periods.
As shown in Figure 4 , except for compressive strength, the longer sintering time showed a higher value, and there were no obvious trends for other three indexes with different sintering time periods. As the temperature increased, the bulk density and water absorption index increased firstly and then decreased. In contrast, the expansion rate and compressive strength showed a reversed trend. ere was obvious inflection point of temperature for each index (1020°C for bulk density, 1040°C for water absorption, 1040°C for expansion rate, and 1060°C for compressive strength).
According to the analysis, this phenomenon is mainly related to the changes in the interior of the raw material at high temperatures. At a certain temperature, the inside of the raw material will melt and soften to form a certain amount of molten mineral. e sea mud contains various organic impurities, decomposed salts, and flammable minerals and can generate a certain amount of gas at a high temperature to expand and deform the ceramsite. e higher the sintering temperature, the longer the sintering time, the smaller the binding of the ceramsite to the gas expansion, the higher the expansion rate, and the smaller the bulk density. When the sintering temperature rises to a certain value, an excessive liquid phase is generated inside the material ball, which causes the liquid phase viscosity to be too low, the pore structure is destroyed, the pores inside the ceramsite become smaller or less, the ceramsite expansion rate decreases, and the bulk density increases. According to the experimental observation, the rebound phenomenon of water absorption may be related to the excessive sintering temperature or excessive sintering time, which causes the surface of the material ball to be burned through, which makes the surface of the ceramsite more open.
Based on the above results, when the sintering temperature was controlled in the range of 1020°C to 1060°C, the ceramic granules have better properties. e optimum conditions were the sintering temperature of 1040°C and the sintering time of 9 min. e property indexes of sintered ceramsite measured under this condition were as follows: the bulk density was 410 kg/m 3 , the water absorption rate was 10%, the compressive strength was greater than 3 MPa, and the expansion rate was between 1.9 and 2.3.
Transformation of Dissolved Salts during Ceramsite
Production.
e DSM from Lianyungang has a high salt content. If the product contains high levels of chloride ions, it may cause moisture absorption, blooming, and corrosion [6, 12] . e average Cl − content in the raw materials was 2.45%. As Figure 5 shows, when the sintering temperature was lower than 600°C, the Cl − content in the sea mud does not significantly reduced. Above 700°C, the Cl − content decreased sharply with the sintering temperature, and when it was greater than about 900°C, the Cl − content was close to zero (the Cl − content was about 0.07 at 1000°C), indicating that a transfer and conversion of the chlorine element occurred in the sintering process.
e low chlorine content in the produced ceramsite was probably because of the production of HCl gas during the sintering process. e DSM contained NaCl, (Al 2 O 3 · SiO 2 · 2H 2 O), H 2 O, and carbon, which are four substances that are indispensable for the preparation of hydrochloric acid.
erefore, when the sintering temperature was above 900°C, complex chemical changes occur to produce HCl gas, and chlorine has disappeared and rarely exists in a crystalline and glassy ionic state. e main reactions during this process were suggested as follows [15] 4 + -N Removal. Under continuous water circulation, aeration, and natural light conditions, the biofilm on the surface of the carrier was accumulated. Higher extracellular polymeric substances (EPS) and dehydrogenase activity (DHA) production in the biofilm formed on the surface of DSM derived ceramsite compared to those produced in biofilm on the surface of commercially ceramsite (clay is the main component). e results are shown in Figure 6 . e reason for this is that DSMderived ceramsite has a larger surface area than commercial ceramsite and is more conducive to biofilm deposition.
e removal rates of COD and NH 4 + -N were also compared between these two filter medias during the test as shown in Figures 7(a) and 7 . erefore, the biofilm formation on the surface of ceramsite can be regarded as mature. In addition, compared with the control group (commercially ceramsite), the removal rate of COD and NH 4 + -N in the DSM-derived ceramsite granules of the experimental group were higher, and this is consistent with the results of more EPS and DHA production for the biofilm on the sea mud-derived ceramsite. (1) It is feasible to use DSM from the Lian yungang for ceramsite sintering. e sintered ceramsite has high porosity and surface area. (2) e optimal conditions for the preheating temperature was controlled at 350°C, the preheating time was 15 min, the sintering temperature was 1040°C, and the sintering time was 9 min. Under this condition, the bulk density of produced ceramsite was 410 kg/m 3 , the water absorption rate was 10%, the compressive strength was above 3 MPa, and the expansion rate was around 2, which was classified 
Conclusion
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